Dynamics of the precessing vortex rope and its interaction with the system at Francis turbines part load operating conditions Abstract. At part load conditions, Francis turbines experience the formation of a cavitation vortex rope at the runner outlet whose precession acts as a pressure excitation source for the hydraulic circuit. This can lead to hydro-acoustic resonances characterized by high pressure pulsations, as well as torque and output power fluctuations. This study highlights the influence of the discharge factor on both the vortex parameters and the pressure excitation source by performing Particle Image Velocimetry (PIV) and pressure measurements. Moreover, it is shown that the occurrence of hydro-acoustic resonances in cavitation conditions mainly depend on the swirl degree of the flow independently of the speed factor. Empirical laws linking both natural and precession frequencies with the operating parameters of the machine are, then, derived, enabling the prediction of resonance conditions on the complete part load operating range of the turbine.
Introduction
Francis turbines operating at off-design conditions experience the development of unfavorable flow patterns inducing cavitation and pressure pulsations, such as inter-blade cavitation vortices for very low values of discharge [1] or a self-oscillating cavitation vortex in the draft tube at full load conditions [2] . At part load conditions, the precessing cavitation vortex rope acts as a pressure excitation source for the hydraulic circuit, leading to the propagation of pressure fluctuations at the precession frequency in the whole system [3] . The presence of cavitation in the vortex core decreases the local wave speed and therefore the system eigenfrequencies [4] leading to the risk of resonance [5] .
In the framework of the HYPERBOLE research project, the dynamics behavior of the part load vortex rope has been extensively investigated by model tests. This article reports the main results and observations, which led finally to the establishment of empirical laws enabling the prediction of resonance conditions at the reduced model scale. First, the influence of the discharge factor on the vortex dynamics in cavitation-free conditions is investigated by means of both pressure and Particle Image Velocimetry (PIV) measurements. In a second part, the interaction between the excitation source and the system eigenfrequencies is investigated in cavitation conditions by identifying the resonance conditions for different values of the speed factor, as well as the influence of the discharge factor on the precession and natural frequencies. Dimensionless laws linking both natural and precession frequencies with the operating parameters are, then, established, enabling the prediction of resonance occurrences on the complete part load operating range of the reduced scale model. Figure 1 , including the upstream pipe, the spiral casing, the draft tube and the downstream reservoir. Pressure fluctuations are measured on the test-rig by flush-mounted piezo-resistive pressure sensors. Their location is given in Figure 1 . Four pressure sensors are installed in one horizontal cross-section of the draft tube cone and regularly spaced by an angle of 90°, enabling the decomposition of the pressure fluctuations into convective and synchronous components. In the upstream pipe, two pressure sensors are installed, enabling the direct measurement of the synchronous pressure fluctuation and therefore the estimation of the system hydro-acoustic response. PIV measurements are also performed in two different horizontal cross-sections of the draft tube cone by using the same set-up than presented in [6] . The optical access for the camera is provided by a Plexiglass window at the bottom of the draft tube elbow. The acquisition of the PIV images is synchronized with pressure measurements, enabling a phase averaging of the flow velocity fields to recover their periodical evolution over one precession period [6, 7] . 
Vortex dynamics in cavitation-free conditions

Flow regimes in cavitation-free conditions
Pressure measurements are first performed for a wide range of discharge factor values in cavitation-free conditions. The speed factor is kept constant at the rated value nED / nED * = 1. The influence of the discharge on the precession frequency and the coherence between pressure signals measured in the cone is reported in Figure 2 . Moreover, the corresponding auto-spectrum amplitude is given in Figure 3 for a pressure sensor located in the upstream pipe. This value can be directly linked to the intensity of the pressure excitation source as the measurements are taken in cavitation-free conditions and it is assumed there is no amplification of the synchronous pressure fluctuation as the first system eigenfrequency is sufficiently high.
Three flow regimes are highlighted depending on the value of the discharge factor [6] . The vortex rope starts developing within the first regime and is highly coherent and well-developed within the second regime, for which the precession frequency increases linearly as the discharge is decreased. At the same time, the excitation source intensity increases and reaches its maximum for a value of discharge equal to 65% of the rated value. Beyond 62% of the rated value (regime 3), the vortex rope loses its coherence and periodicity, which is illustrated in Figure 2 -b by a drop in the value of Cxy. This results in a sudden decrease of the excitation source intensity, as shown in Figure 3 . 
Influence of the flow discharge on the vortex parameters
The tangential flow velocity fields are measured in two horizontal cross-sections of the cone by means of PIV performed in cavitation-free conditions for different values of the discharge factor to link the vortex parameters with the excitation source intensity. For each operating point, the vortex trajectory and circulation are determined by identifying the vortex centre and the vortex core limits with the algorithms proposed by Graftieaux et al. [8] . The influence of the discharge factor on both the vortex trajectory length and the vortex circulation is reported in Figure 4 . When the discharge factor is decreased within the flow regimes 1 and 2, the vortex circulation increases while the vortex trajectory widens. They reach their maximum within the flow regime 2 for low discharge factor values when the excitation source intensity is also at its maximum. Beyond the transition from the regimes 2 to 3, the vortex trajectory slightly retracts and the determination of the vortex core limits and the computation of the vortex circulation are not possible anymore [6] . Based on these results, a physical mechanism responsible for the establishment of the pressure excitation source was proposed and discussed in [6] . The flow regime possibly leading to the highest pressure pulsations in case of resonance with the system would correspond to discharge factor values between 62 and 65% of the rated value.
Interaction with the system in cavitation conditions
Resonance conditions in cavitation conditions
In cavitation conditions, similar flow regimes are observed, as shown in Figure 5 . The natural frequency is determined by cross-spectral analysis between two pressure signals measured in the cone [9] . Its value strongly decreases in the flow regime 1 when the discharge factor is decreased and is almost constant for low values of discharge factor in the flow regime 2. Resonance conditions occur for a discharge factor value equal to about 78% of the rated value for this n ED-value. By varying the value of the speed factor, similar flow regimes and resonance conditions are observed with, however, a slight shift. This shift corresponds to that of the swirl-free conditions, see Figure 6 -b. 
Resonance prediction at the model scale
The results described above show that the dynamics of the vortex and both precession and natural frequencies seem to be mainly driven by the degree of swirl of the flow. The latter can be characterized by the swirl number S, defined as the ratio between the axial flux of angular momentum and the axial flux of axial momentum. By assuming a constant axial velocity Cm = Q / π R 2 and a solid-body rotation and by using the velocity triangles at the runner outlet, the swirl number can be expressed as a function of the speed and discharge factors: 
In this expression, the value of the discharge factor 0 in swirl-free conditions is approximated by a linear fitting, see Figure 6 -b. The occurrence of resonances can be finally predicted on the complete part load operating range by using Equation 2. The resonance conditions identified experimentally and the computed ones show an excellent agreement, see Figure 6 -b. Further investigations will focus on the transposition of the natural frequencies to the prototype scale by using 1D SIMSEN models. Resonance conditions will be finally predicted at the prototype scale and the results will be validated by on-site measurements performed on the prototype generating unit. Figure 6 . Strouhal numbers versus swirl number and comparison between computed and observed resonance conditions
(a) Strouhal numbers versus Swirl number (b) Computed and observed resonances
Conclusion
Based on PIV survey coupled with pressure measurements, different flow regimes are highlighted, which depend on the value of the discharge. The link between the vortex dynamics and the pressure excitation source intensity is highlighted. The excitation intensity reaches its maximum when the flow circulation and the vortex trajectory are also at their maximum. Beyond a given value of discharge, the vortex dynamics lose its coherence and periodicity, resulting in a drop in the excitation intensity. In cavitation conditions, similar flow regimes are observed and resonance conditions are identified by spectral analysis between pressure signals for different values of speed factor. It is shown that both precession and natural frequencies mainly depend on the degree of swirl of the flow exiting the runner. Empirical laws linking both precession and natural frequencies with the operating parameters are established, enabling the prediction of resonance conditions on the complete hillchart at the model scale.
These results demonstrate that the experimental determination of both precession and natural frequencies for a limited number of operating points enables finally the prediction of resonance conditions on the complete part load operating range. The results will be transposed to the prototype scale by using 1D SIMSEN model and the methodology will be validated by on-site measurements.
